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Abstract
A search was performed for isolated, neutral, highly energetic particles which
interact hadronically with matter. The data sample consists of 134 278 multihadronic
events observed by the OPAL detector at LEP in e
+
e
 
collisions with centre-of-mass
energies around the Z
0
pole. Our study is sensitive to events predicted by a model in
which gluons appear as free, stable, particles. We observed two events and derive a
lower limit at 95% condence level of 47 GeV on the barrier height V
m
of a potential
well introduced by this model. A Monte Carlo simulation of standard multihadronic
Z
0
decays predicts 3.3 events.
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Colour is generally assumed to be an unbroken symmetry in the Standard Model of the
strong interaction. A number of searches for free quarks have been performed in order to
test this assumption, and no free quark has been observed to date [1]. Like quarks, gluons
are expected to appear only in colour singlet bound states. However, models exist in which
colour is broken in such a way as to produce free gluons rather than free quarks [2, 3].
In one model SU(3)
C
is spontaneously broken to SU(2)U(1) and contains one massless
free gluon, which is a singlet of the new colour charge [2]. In this model the low-energy
production of free gluons is suppressed by a short range conning potential of the form
V (r) = 3sre
 r
, where s is the string tension, r is the radial distance between the source
and the gluon and  the typical range of the potential. The potential has a maximum
V
m
= 3s=e.
The existence of high energy gluons was rst established in e
+
e
 
annihilation events
at centre-of-mass energies around 30 GeV [4]. The gluons in these events appeared as a
third hadronic jet in addition to the two jets from the quark and antiquark. The multi-jet
structure of hadronic events is even more apparent at the e
+
e
 
energies provided by LEP
where the gluons radiated from the quarks are more energetic and more isolated. Together
with the large production rate of multihadronic events at the Z
0
peak, this makes LEP a
good environment to study the properties of gluons and to search for free gluons.
In this paper we describe a search for free, stable, gluons as suggested in ref. [5] by
selecting multihadronic events with isolated neutral particles which interact hadronically
in the detector. The search is based on 134 278 multihadronic events collected by OPAL at
LEP during 1990 at centre-of-mass energies around the Z
0
pole. We compare the results
to predictions from the QCD plus hadronisation model JETSET[6], which is in excellent
agreement with the properties and overall event shapes of our hadronic data sample [7].
As the OPAL detector has been described in detail in a recent publication [8], we
restrict ourselves here to an overview of the main components. The coordinate system
of the detector is dened with z along the beam direction,  and  being the polar and
azimuthal angles. Tracking of charged particles is mainly performed by the jet chamber,
a large volume drift chamber, 4 m long and 3.7 m in diameter, divided into 24 azimuthal
sectors each containing a plane of 159 sense wires. The charge measured by the sense
wires is used to obtain dE=dx, the energy loss of the particle in the detector gas. Together
with the momentum, this gives a measurement of the particle's mass, leading to a  K
separating power of more than two standard deviations for momenta up to 20 GeV [9].
The jet chamber, a vertex detector, and chambers measuring the z coordinate of particles
as they leave the jet chamber, are positioned inside a solenoidal coil which provides a
uniform magnetic eld of 0.435 T. It is surrounded by a time-of-ight counter array, a
presampler and an electromagnetic calorimeter. The electromagnetic calorimeter consists
of a barrel and two endcap arrays of lead glass blocks. Each block subtends a solid angle
of approximately 40  40 mrad
2
, with a thickness of over 24 radiation lengths in the
barrel region and typically 22 radiation lengths in the endcaps. The energy resolution for
4
electrons of 45 GeV is typically 
E
=E  3%. The material in front of the presampler
corresponds to  2= sin  radiation lengths. The presampler is designed to detect showers
of particles originating in this material and consists of a cylinder of two layers of limited
streamer mode chambers. Analogue readout of the wires and strips located on either side
of the chambers yields a signal proportional to the number of traversing particles. The
presampler multiplicity is dened as the ratio of this signal to the average signal from
a non-showering particle. Outside the electromagnetic calorimeter is the instrumented
return yoke of the magnet, forming the hadron calorimeter, and beyond this are the outer
muon detectors. The hadron calorimeter, which consists of nine layers (eight layers in the
endcap) of streamer tubes interleaved with the iron slabs of the magnet return yoke, is
read out via 4 mm wide strips and projective towers formed from 50 50 cm
2
pads. These
strips and pads provide measurements in the (r; ) plane and the z direction. The energy
resolution of the bare hadron calorimeter was measured in test beams of 10 GeV pions to
be 
E
=E  120%=
q
E=GeV. The material in front of the hadron calorimeter corresponds
to about two hadronic interactions lengths.
The JETSET Monte Carlo (version 7.2 [6]) with parameters tuned to represent global
event distributions at LEP energies [7] was used for the simulation of standard multi-
hadronic Z
0
decays. Events with free gluons were generated as follows: JETSET 7.2
Monte Carlo events were generated for the qqg and qqgg modes with a probability P for
a gluon to escape the conning potential given by P = (E
t
  V
m
)
q
1   V
m
=E
t
[5]. Here
E
t
is dened as the invariant mass of the free gluon and the quark which is nearest to it in
momentum space, and  is a step function. We assume that the gluon will have a pointlike
interaction with matter [5]. This gives a geometrical cross section of   
0
A
2=3
(A is the
atomic number of the material), with 
0
 25 mb. Since this is roughly comparable to the
cross section for a K
0
, we replaced the gluon in our Monte Carlo by a stable K
0
L
for the
simulation of the detector response. Since colour is still conserved in hadronic interactions,
there will be a second coloured particle in one of the quark jets, which will be hard to de-
tect due to the presence of the other charged and neutral hadrons in the jet. This second
coloured particle was not simulated in the Monte Carlo. A sample of 163 189 standard
JETSET events and samples of 500 events with free gluons, each at dierent values of
V
m
, were processed by code based on the GEANT package [10] in order to simulate the
response of the OPAL detector. The events were subsequently processed by the standard
event reconstruction programs. When compared to the data, the standard Monte Carlo
event sample was always normalised to the 134 278 multihadronic events after an eciency
factor for the data of 0.98 was applied.
A characteristic signature for events with free, stable, gluons would be the presence of
a highly energetic neutral particle, isolated from the two quark jets. We therefore searched
for multihadronic Z
0
decays with isolated hadronic clusters. Events with real K
0
L
's or
neutrons are the background to this search, but they are expected to be produced rarely
at large angles from the qq system. Events were selected in three stages: i) the selection
of multihadronic events, ii) the selection of events containing a low-multiplicity jet, and
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iii) the selection of events with single isolated clusters of hadronic energy due to a neutral
particle. A low-multiplicity jet is dened in this context as a jet in which the energy
contributed by charged particles is small (less than 10% of the total jet energy). This
intermediate selection was done in order to provide a sample of events with characteristics
similar to the free gluon events, but with sucient statistics to study systematic eects.
The rst stage selection of multihadronic events was based on charged tracks. The
pattern recognition program reconstructed charged tracks from strings of at least ten hits
in the jet chamber. A good track was dened in this analysis as having: at least 30 hits
registered in the jet chamber, the rst one at a radius smaller than 75 cm; a distance of
closest approach to the nominal beam axis of less than 1 cm, and jzj < 50 cm at this point,
and a momentum transverse to the beam axis of greater than 100 MeV. Multihadronic
events were required to have more than four good tracks and a total scalar sum of the
momenta of all good tracks greater than 15 GeV.
The second stage selection of the event sample was based on jets formed by clusters
of electromagnetic and hadronic energy. An electromagnetic calorimeter (EC) cluster was
dened as an energy deposition of more than 100 MeV in the barrel lead glass array, or
more than 250 MeV in the endcap. In the endcap, which has a non-projecting geometry,
a cluster was required to span at least two adjacent lead glass blocks. Hadron calorimeter
(HC) clusters were energy depositions of more than 250 MeV recorded in the hadron
calorimeter towers. In order to avoid noisy towers, an overlap was required with a strip
signal of two or more hits. Furthermore, in order to reject spurious hits and electromagnetic
showers which leak out of the back of the lead glass arrays, strip hits were required in at
least two dierent layers of the calorimeter.
A jet nding algorithm [11] was applied to the electromagnetic and hadronic clusters
separately. Charged tracks were not included. Clusters i and j were merged until y
ij
=
2E
i
E
j
(1  cos 
ij
)=(
P
n
E
n
) exceeded y
cut
. Here, E
i
and E
j
are the energies of the clusters
i and j, respectively, and 
ij
is the angle between them. The algorithm was applied to the
electromagnetic calorimeter and the hadron calorimeter clusters separately, because the
calorimeters have dierent spatial and energy resolutions.
The results of the jet nding algorithm are shown in gures 1a and b, where the jet
rates are shown as a function of y
cut
for EC and HC clusters. Only jets with j cos 
jet
j <
0:8 were used in this analysis, where 
jet
is the polar angle of the jet axis. The solid
lines in gure 1 represent the results of the same jet nding algorithm applied to Monte
Carlo simulations of standard multihadronic events. The jet rates observed in the hadron
calorimeter alone are lower than the rate observed in the electromagnetic calorimeter,
because low-energetic jets are fully absorbed in the lead glass and are not seen in the
hadron calorimeter. Subsequently, HC jets were merged with EC jets if the angle between
the EC and the HC jet axes was smaller than 37

. Figure 1c shows the relative rates of
merged jets as a function of y
cut
. Good agreement is observed between data and Monte
6
Figure 1: The rates of two-, three- and four-jet events as a function of y
cut
, the cut-o
parameter in the jet-nding algorithm, (a) using EC clusters only, (b) using HC clusters
only, (c) after EC and HC jets were merged. The data are given as dots, the solid lines
correspond to Monte Carlo simulations of standard multihadronic Z
0
decays. Only jets
with j cos 
jet
j < 0:8 are counted in this gure.
Carlo events. For the following analysis we used y
cut
= 0:06. A total energy E
jet
was
assigned to the merged jet, with E
jet
=   E
ec
+ E
hc
. Here  = 1:8 is the measured
e  response ratio of the electromagnetic calorimeter, and E
ec
and E
hc
are the energies
associated to the jets as observed in the EC and the HC, respectively. A jet cone with
a half-opening angle of 37

was dened around the jet axis. This cone was used for the
selection of low-multiplicity and neutral jets.
Events with low-multiplicity hadronic jets were selected with the following require-
ments. i) The polar angle of the jet had to satisfy j cos 
jet
j < 0:8. ii) The sum of the
momenta of good charged tracks within the jet cone had to be less than 1 GeV. iii) The
total jet energy E
jet
had to be larger than 15 GeV. iv) At least 20% of the total jet energy
had to be measured in the hadron calorimeter.
The distributions of low-multiplicity jets as functions of the total hadronic jet energy
and of the ratio E
hc
=E
jet
are shown in gure 2. Only jets to which at least one HC cluster
is associated enter in this plot. Figure 2a shows the event distributions as a function
of E
jet
for events with low-multiplicity jets passing all cuts except the cut E
jet
for the
data and for the standard Monte Carlo events. The histogram in gure 2b shows E
jet
for
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Figure 2: (a) The distribution of low-multiplicity jets as a function of the total hadronic
jet energy E
jet
. The points represent the data, the solid line represents the normalised
standard multihadron Monte Carlo events. (b) The same distribution for events with free
gluons generated at V
m
= 30 GeV. (c) The distribution of low-multiplicity jets as a function
of E
hc
=E
jet
. The points and the solid line are dened as in (a). The open circles represent
the distribution of 45 GeV electrons observed in the detector as a function of E
hc
=E
jet
.
(d) The distribution for free gluon events generated at V
m
= 30 GeV. The arrows indicate
where the cuts are applied for the following analysis.
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Figure 3: The distribution of events containing one low-multiplicity jet as a function of
the isolation parameter . The points in (a) represent the data, the solid line represents
the normalised standard multihadron Monte Carlo events. (b) The same distribution for
generated events with free gluons.
events generated with free gluons at V
m
= 30 GeV. Similarly, gures 2c and d show the
distributions as a function of E
hc
=E
jet
. Above the cuts, the agreement between standard
Monte Carlo events and data is reasonable.
In order to determine the eect of the cut on E
hc
=E
jet
on events with highly energetic
isolated photons, the hadron calorimeter response to 45 GeV electrons from the reaction
Z
0
! e
+
e
 
observed in the detector was studied. For 176 out of 7 730 electrons, an HC
cluster as dened above was associated with the charged track. The open circles in gure 2c
show the distribution of these electrons as a function of E
hc
=E
jet
. Only two electrons out
of 7 730 survived the cut E
hc
=E
jet
> 0:2. Since the showering properties of electrons and
photons are very similar, we conclude that the background from photons in our nal sample
is negligible.
With these cuts 137 events were selected in the data and 131 events (after normalisation)
in the standard multihadron Monte Carlo. In order to provide a reliability check on the
global event shape of the events with low-multiplicity jets, we have dened an isolation
parameter  as  = min
i 6=n
q
E
n
E
i
(1  cos 
ni
)=E
beam
. Here E
n
and E
i
are the energies of
the low-multiplicity jet and every other jet i in the event, respectively, and 
ni
is the angle
between them. In gure 3a the distribution of the data events as a function of the isolation
parameter is shown, together with the distribution of the standard Monte Carlo events.
The structure between  = 1 and  = 2 is due to two-jet events, whereas the enhancement
9
Figure 4: (a) The presampler and (b) the charged track multiplicities inside 37

cones
containing no electromagnetic energy, randomly chosen in multihadron events. The points
represent data, the solid lines represent the normalised standard multihadron Monte Carlo
events.
below  = 1 is due to three-jet events. Figure 3b shows the same distribution for the free
gluon Monte Carlo events. The distribution peaks below  = 1 as we expect from the
three-jet nature of the free-gluon events.
We obtained the nal event sample by applying the following additional cuts. i) There
must not be any charged tracks within the jet cone in order to ensure that the hadronic
energy cluster is solely due to neutral particles. ii) There must not be any signal observed
in the presampler within the jet cone. Since the probability for a photon to initiate a
shower in the magnet coil is approximately 80%, this cut suppresses cases in which the
neutral non-showering particle is accompanied by one or more photons.
After the nal cuts two events were observed in the data whereas four were found in
the standard Monte Carlo sample, which after normalisation correspond to 3.3 events.
The Monte Carlo events were due to a 43 GeV K
0
L
in one event and isolated neutrons in
the other three. In two of those the neutral cluster was caused by an isolated neutron-
antineutron pair, in which the hadronic showers overlapped. The neutral hadrons in the
data have values of  = 0:3 and 1.3, the ones from the Monte Carlo have  = 0:5; 0:8; 0:8
and 1.1.
We have estimated the systematic errors on the selection eciency as a function of the
barrier height V
m
by varying the selection cuts. The dominant systematic errors arise from
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Vm
 (N
g
=N
g
)

(N
g
=N
g
)

MS
(N
g
=N
g
)
tot
N
exp
g
(GeV) % % % %
30 17 26 6.6 29 102
40 17 22 6.5 25 27
45 20 22 5.3 24 13
50 18 23 4.8 25 4.6
Table 1: The reconstruction eciencies , the systematic errors on the selection eciency
(N
g
=N
g
)

, the systematic errors due to the variation of 
MS
, the total errors on the
numbers of expected events (N
g
=N
g
)
tot
, and the numbers of expected events for dierent
values of the barrier height V
m
. The overall systematic errors also include the statistical
errors of the generated event samples.
the cut on the energy fraction observed in the hadron calorimeter (15-18%) and the cut
on the jet energy (8% at V
m
= 45 GeV). Systematic errors due to inadequate modelling of
the detector response were estimated by comparing the eect of the cuts on the data with
the eect of the cuts on the standard multihadron Monte Carlo events. The overall error
in the simulation was estimated to be 12%.
In order to check the systematic eect of the two nal cuts we selected in standard
multihadron events 37

cones containing no electromagnetic energy. The presampler and
track multiplicities inside these randomly chosen cones are shown in gures 4a and b. In
the data we found 5% fewer cones with zero presampler multiplicity and 7% fewer cones
with zero track multiplicity than in the Monte Carlo events, and we took these numbers as
estimates of the systematic errors due to the cuts on these quantities. Together with the
errors on the selection and the modelling of the data this gives a total systematic error of
about 22%.
The systematic error for the production rate of free gluons was estimated by generating
events for three values of 
MS
: 225, 345, and 140 MeV, which represent our measured
value of 
MS
plus and minus one standard deviation, respectively [12]. The error obtained
in this way is about 6%, depending on V
m
. Table 1 summarises the selection eciencies
and systematic errors for dierent values of V
m
. The last column shows the numbers of
expected events with free gluons, for dierent values of the potential height V
m
.
We have performed a cross check by selecting events in which we allowed one charged
track of at least 15 GeV momentum and a presampler multiplicity compatible with a
non-showering particle (multiplicity < 8) in the jet cone. After rejecting obvious 
+

 
background we found seven such events. The standard Monte Carlo predicts nine events
(7.4 after normalisation). Four of those are due to pions, four to protons and one to a
kaon. Isospin symmetry predicts the number of (anti)protons to be equal to the number of
(anti)neutrons and the number of charged kaons to be twice the number of K
0
L
's. Charged
pions were not used in the comparison, since their isospin partners, the 
0
's, decay to
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Figure 5: The number of expected events as a function of the barrier height V
m
after
subtraction of the systematic error in the selection eciency. The horizontal line is the
95% condence level limit on the maximum number of events observed.
photons which are rejected by the requirements on the hadron calorimeter. The dE=dx
measurements in the jet chamber show that at least three of the highly energetic particles
in the data events were compatible with being a kaon or a proton and incompatible with
being pions. We conclude from this check that the Monte Carlo simulation is in good
agreement with the data, and furthermore that the observed number of isolated neutral
hadrons compares reasonably well with the corresponding number of charged hadrons.
As a further check, we have generated free gluon events at V
m
= 45 and 50 GeV in which
the gluon was replaced by a neutron instead of by a kaon. The selection eciency for these
events was 18% in both cases. These eciencies are slightly lower than those for events
in which the gluon was replaced by a K
0
L
, because the neutron has a higher probability of
initiating a shower in the magnet coil and thus giving a signal in the presampler.
In order to set a conservative limit we have not made a background subtraction, but
used the two data events to derive an upper limit at the 95% condence level of 6.3 events
for a possible signal. Subtracting one standard deviation in the total systematic error
from the number of events expected after all cuts, we can exclude values of V
m
lower than
47 GeV at the 95% condence level, as shown in gure 5. The expected number of events
continues to increase monotonically for lower values of V
m
and hence all values of V
m
lower
than 47 GeV are excluded.
In conclusion, we have observed two events with an isolated highly energetic hadronic
12
cluster due to one or more neutral particles. From a Monte Carlo simulation using the
Lund fragmentation scheme as implemented in JETSET 7.2 we expect 3.3 such events,
demonstrating the validity of this model even for very rare event topologies. Comparing
this result to a simple model in which the gluon radiated by one of the initial quarks
materialises as a stable neutral particle with a hadronic interaction similar to a K
0
L
, we
nd a lower limit of 47 GeV at 95% condence level for V
m
, a crucial parameter in this
model.
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